The gene encoding the fast skeletal isoform of the chick troponin I (sTnl) protein has been sequenced and its organization into exons and introns established. The gene is approximately it.5 kb in length and composed of 8 exons, the first of which contains solely 5' untranslated sequence. In addition to its major mRNA product, there is evidence that the sTnl gene encodes a second mRNA, present at low abundance levels in embryonic skeletal muscle. SI nuclease protection and primer extension experiments indicate that the low abundance mRNA is initiated approximately Wl nucleotides upstream of the major transcriptional initiation site. Both mRNAs appear to encode identical sTnl polypeptides. A comparison of nucleotide sequence in the 5' flanking region of several muscle-specific genes, including the sTnl gene, reveals a heptanucleotide consensus sequence, 5'-CATTCCT-3', which is conserved in the 5' flanking regions of many vertebrate contractile protein genes.
INTRODUCTION
One of the major problems in developmental biology is the mechanism by which expression of complex gene sets is orchestrated during embryonic cell differentiation. During striated muscle differentiation, for example, a large number of contractile proteins are incorporated into the sarcomeric myofilaments in precise stoichiometric ratios (1) . Moreover, the myofilament sub-structures themselves undergo dynamic, highly ordered, changes throughout development; in which specific myofilament proteins are replaced with similar, but distinct, isoproteins (2, 3) . The underlying mechanisms responsible for the coordination of contractile protein expression during myogenesis is not well understood. Some contractile protein mRNAs accumulate in a coordinate fashion (4,5) suggesting that common mechanisms may simultaneously govern expression of many genes. Other contractile protein genes, however, appear not to be regulated in a coordinate fashion (6, 7, 8) . Thus, the highly integrated expression of contractile protein gene expression during myogenesis may involve diverse mechanisms operating via both gene-specific, as well as global, mechanisms.
To investigate the mechanisms by which expression of muscle-specific genes is coordinated we have isolated and characterized clones of several chick muscle contractile protein genes which are regulated according to both common and diverse patterns during myogenesis (9) . Sequence analysis of members of the vertebrate actin gene family revealed conserved nucleotide sequence motifs which may be important in the regulated expression of these genes during development (10, 11, 12) . The complete sequence structure of additional muscle-specific genes, particularly in putative regulatory regions, is necessary to allow broader comparison at the nucleotide sequence level as well as to provide characterized reagents for experimental analysis of gene regulation by gene transfer.
Here, we report the sequence/structure of the gene encoding the fast isoform of chick skeletal troponin I (sTnl), a thin filament regulatory protein. The sTnl gene is one member of the troponin I gene family which also includes cardiac and slow skeletal muscle isoforms (13) . sTnl is of particular interest, from a gene-regulatory point of view, because in addition to being a component of the thin filament of mature skeletal muscle, it may also serve as an embryo-specific Tnl isoprotein in early embryonic cardiac muscle (1*). Thus, the sTnl gene may be activated in two striated muscle cell types but its expression modulated very differently at late developmental stages of these two distinct cell types. In embryonic cardiac muscle, the observed down-regulation of the sTnl gene may be triggered by extrinsic signals resulting from neuro-muscular interaction (15) . The sTnl gene is likely, therefore, to possess diverse regulatory elements in cis which allow it to respond to different regulatory signals in these two cell types. In addition, our analysis of the nucleotide sequence of the sTnl promoter region reveals short blocks of homology with comparable regions of other cardiac and skeletal contractile protein genes.
METHODS

Recombinant DNA Techniques
Protocols for restriction endonuclease mapping, plaque hybridization, DNA labeling by nick-translation, DNA/RNA blot hybridization, etc. were essentially as described in standardized cloning manuals such as Maniatis et al. (16) . A chicken genomic library (17) was screened for the sTnl gene. RNA was isolated as described by Auffray & Rougeon (18) . The SI nuclease digestion (19) and primer extension (20) characterization of the 5' boundary of exon 1 were performed as described elsewhere. The sequence of each exon was determined by the dideoxynucleotide termination method (21) using subclones of genomic DNA in M13 vectors (22) . All DNA sequence shown in Figure 4 was confirmed by determination of the sequence of both strands of DNA, by matching computer-generated, conceptual translations of DNA to amino acid sequence with published amino acid sequence, or both. As previously (23) we estimate the errorrate to be 1%, or less.
Direct Sequencing of the Troponin I mRNA
Single-stranded, synthetic oligonucleotides complementary to portions of the troponin I mRNA were prepared by the UCSF Biomoiecular Resource Center by means of solid phase-phosphoramidite chemistry on a Beckman system 1-5 DNA Synthesizer. These oligonucleotides (designated BN 1, BN 2, and BN 3; Figure * ) were used as primers for primer extension and mRNA sequencing experiments. Direct sequencing of the troponin I mRNA was performed essentially as previously described (23) except for the following modifications. First, the concentrations of the dideoxynucleotide triphosphates were increased 3-5 fold. Second, the sequencing reactions were not performed using radiolabeled nucleotide triphosphates, instead the primer was labeled with gamma 32P-ATP using polynucleotide kinase (2*). Finally, the synthesis reactions were phenol extracted to reduce background during autoradiographic exposure of the sequencing gels. The cloning and identification of several cDNAs complementary to musclespecific mRNAs has been previously reported (9) . One such cDNA clone, 98E7 (Figure 1 ), hybridized to a 950 nucleotide mRNA present in late embryonic skeletal muscle ( Figure  2 , lane A). This cDNA does not hybridize to RNA from late embryonic heart muscle (figure 2, lane B) nor to RNA from non-muscle tissues (not shown). Determination of the nucleotide sequence of the cDNA 98E7 (Figure <t , nucleotide residues 339 to 836), and conceptual translation into amino acid sequence, revealed a match with the carboxy terminal portion (amino acid residues 85 to 182) of the fast form of chicken skeletal muscle troponin I (25) .
Isolation of Troponin I Genomic Clones
Using the cDNA insert of 98E7 as a hybridization probe, four independent phage clones were isolated from a chicken genomic library. The restriction maps of three of the phage clones indicated that they were derived from overlapping regions of the same genomic locus, while that of a fourth was similar but not identical to the others. The dissimilar phage clone was not included in the present study but may represent an allelic form of the troponin I gene, or possibly a related gene. One of the three overlapping clones, designated lambda A and containing 12kb of genomic DNA, was chosen for further analysis. An 8kb Eco Rl/Xho I fragment from this phage was subcloned into a modified pBR322 plasmid, containing an Xho I linker replacing the Cla I site. This plasmid, pBXAl (figure 3), containing the entire troponin I gene, was used for all subsequent analysis of the genomic structure of this gene.
The identity of the pBXAl genomic clone as encoding fast skeletal Tnl was established by its nucleotide sequence homology with the cDNA clone 98E7. Sequences matching 98E7 were found to be contained in three exons (// 6-8), the last of which includes the entire 3' untranslated region of the gene (Figures 3 and 4) . Consensus splice sequences (26) were located at these, and all other, exon boundaries (not shown) and a putative poly (A) addition sequence, AAATAA, is found 18 nucleotides upstream from the site of poly (A) addition.
There are three nucleotide differences found between the genomic and cDNA clones (see legend to Figure <t) , none of which affects the amino acid sequence of the encoded protein. Two of these changes are in the 3' untranslated sequence, while the third is a silent base change at position 590. These differences between cDNA clone 98E7 and genomic clone pBAXl may be due to allelic variation since the cDNA and genomic libraries were constructed using material from different flocks.
Determination of Amino Acid Encoding Exons
Determination of the remainder of the amino acid encoding exons, 2-6 (filled boxes in Figure 3) , was made by comparing conceptual translations of pBXAl nucleotide sequence to the published amino acid sequence for the chicken troponin I protein (25) . These translations yielded blocks of perfect homology which allowed unambiguous Exons 1 and 2 contain predominately 5' untranslated sequence of the sTnl mRNA (Figure 4 ) and, therefore, amino acid sequence homology could not be used to identify these exons. To establish the nucleotide sequence of these two exons, mRNA sequence was again directly determined by primer extension sequencing. First, an oligonucleotide (primer BN 2, Figure 4) , with sequence complementary to the amino acid coding portions of exons 2 and 3 (nucleotides 79 to 98), was used to establish the sequence of the untranslated region of exon 2 and the 3' region of exon 1 (data not shown). A second oligonucleotide (primer BN 3, Figure 4 ), complementary to the 3' portion of exon 1 (nucleotides 46 to 63), was then used to determine the nucleotide sequence of the 5' portion of exon 1 and the position of the start of transcription ( Figure 5A ). Independent confirmation of the position of the 5' boundary of exon 1 was obtained from SI nuclease protection experiments. An isolated 100 bp Ava I genomic fragment ( Figure 5C ), spanning the putative cap site, was labeled at its 5' end with polynucleotide kinase and annealed to poly(A) RNA from embryonic day 18 leg muscle. A 60 nucleotide fragment is protected from SI nuclease digestion ( Figure 5B , lane 2) which positions the sTnl transcriptional initiation site to the same nucleotides as determined by direct mRNA sequencing ( Figure 5A ). No protection was observed when poly(A) RNA from embryonic day 10 brain tissue was used ( Figure 5B, lane 3) .
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In addition to the major transcriptional start site indicated above (star in Figure  4 ), a minority of troponin I message in embryonic day 18 leg muscle may initiate transcription at a second upstream site. A minor band is observed on longer exposure of the gel of the SI nuclease protection experiment ( Figure 5B , lanes 2 and 4) which maps to nucleotides -47 thru -49 (asterisk in Figure 4 ) upstream from the main cap site. Primer extension experiments (as diagrammed in Figure 5C ) also suggest the existence of a longer minor transcript ( Figure 5A and additional data not shown) mapping to the same position determined by SI nuclease experiments. It will be necessary to perform functional tests of the ability of this putative distal promoter to support transcription via gene fusion experiments. SI Nucl*«*« Prof Figure 5 . Start of Transcription of the Troponin I Gene Panel A. Single-stranded genomic DNA cloned in M-13 Vectors and poly (A) RNA were sequenced in parallel using the oligonucleotide BN 3 as a primer. On this gel, strong stops in the mRNA sequence prevent reading some nucleotides. These nucleotides were discernable on other films. The mRNA sequence positions the primary start of transcription (starred) at the T as indicated in Figure 4 . The asterisk marks the approximate position in the genomic sequence identified by SI nuclease digestion to be the putative transcriptional start position for the longer, low abundance message. Panel B. The start of transcription is positioned by SI nuclease mapping using the exon 1 specific 100 bp Ava I fragment as shown in panal C. The primary transcript maps to the same group of nucleotides as in panal A (TTG). The longer, low abundance transcription product (*) is clearly evident and maps to the nucleotides -47 to -49, relative to the major cap site. Lane 1 -kinase-labelled Ava I fragment used as hybridization probe. Lane 2 -SI treated sample protected with RNA from embryonic day 18 leg muscle. Lane 3 -SI treated sample protected with RNA from embryonic day 10 brain. Lane 4 -longer exposure of lane 2 to enhance the signal from the low abundance transcription product. Panel C. Primer extension sequencing and SI nuclease mapping methods are graphically represented. Primer BN 3, labelled at the 5 1 end, was hybridized to either mRNA or single-stranded DNA from the 3' region of exon 1, and extended. For SI protection experiments, the 100 bp Ava I fragment shown on the bottom line, was kinase-labelled at the 5' end and used as described in the text.
5' Flanking Sequence of the Troponin I Gene
Sequences related to the canonical transcriptional promoter sequences, CAAT and TATA (27) , are located 5' to the start of transcription (Figure 4 ). The sequence, TATA, is located at position -26, and there are at least two candidates for CAAT sequences: CCAT at -80 and CCATT at -100. While neither CAAT-like sequence perfectly fits the canonical CAAT homology, non-canonical CAAT boxes may be a feature of musclespecific genes, since cardiac troponin T (19) and the alpha-actin genes (23,28) also have non-canonical CAAT sequences.
A second TATA-like sequence (TTAAA) is located at position -72 (Figure 4) . Two observations are consistent with the notion that this may serve as the TATA motif for the putative distal transcription initiation site. First, it lies 23-25 nucleotides upstream from the distal initiation site; and, second it matches the TATA motif of the cardiac troponin T gene (19) .
DB CUSS ION Exon Organization of the Troponin I Gene
The sequence organization of the chick fast skeletal troponin I (sTnl) gene ( Figures   3 and 4) was determined by comparing the nucleotide sequence of the sTnl genomic clone (pBXAl) to; i. nucleotide sequence of the cDNA clone, 98E7; ii. published amino acid sequence of chick sTnl protein (25) ; and, iii. direct sequencing of the sTnl mRNA by primer extension. The amino acid sequence of sTnl, as determined from the nucleotide sequence of the gene, precisely matches its published protein sequence, except for the presumptive initiator methionine residue which is absent from the mature sTnl protein.
Since sTnl, like most contractile proteins, has a posttranslationally modified N-terminus (25) , it is likely that this methionine residue is removed during the modification process.
The sTnl gene is organized into 8 exons spanning approximately 4.5 kb of genomic DNA. The first exon is composed entirely of untranslated sequence similar to other vertebrate contractile protein genes (19, 23, 28, 29 , and see 30 for additional references).
The second exon contains untranslated sequence plus the methionine initiator codon and 5 of the 6 nucleotides encoding the first two amino acids of the mature sTnl protein. The third exon is only 7 nucleotides in length making it one of the shortest exons discovered to date (see Cooper 6c Ordahl (19) for discussion of this point).
The troponin complex is composed of three subunits (I, C and T) and regulates the interaction between myosin and actin during muscle contraction. These regulatory subunits are products of three apparently unrelated gene families. Troponin I binds to actin, thereby blocking myosin-actin interaction in relaxed muscle (31) . The actin binding domain of sTnl has been localized to amino acid residues 105-11'* (32), which are encoded within an internal region of the large exon //7 (amino acid residues 92-152). During contraction, sTnl-actin interaction is disrupted allosterically by an interaction between troponin C and the actin binding site of sTnl (33) . A second region of sTnl (residues 1-40) (3^) which interacts with troponin C is encoded in k short exons (#2-5, Figure V) . If the troponin C binding region can be defined more precisely it may be possible to correlate it to a specific exon(s). The extremely small amount of amino acid coding in exons 2 and 3 suggest, however, that the troponin C binding domain is likely to reside in exon k and/or 5. sTnl also has binding sites for troponin T (35) , but that region has not yet been localized within the sTnl protein. Unlike troponin T, the Tnl protein shows no sequence variability, and we have found no evidence of alternative splicing either by S1 nuclease mapping or primer extension analysis.
It will be interesting to see whether other Tnl isogenes share exonic organization similar to that of the chick sTnl gene. While the exon organization of many gene families is highly conserved, this has not been the rule for contractile protein genes. For example, the cytoplasmic and muscle actin genes differ substantially in exon organization (23) as do the skeletal and cardiac troponin T genes (19).
5' Flanking and Putative Promoter Region
We have determined the position of the transcriptional initiation for the sTnl gene both by primer extension run-off as well as by SI protection ( Figure 5 ). By these criteria, there are two transcription initiation sites; a proximal site whose usage in skeletal muscle vastly predominates over a second, distal site ^7-^9 nucleotides upstream from the proximal site ( Figure <0 . Both sites have TATA-like sequences 26 and 23-25 nucleotides upstream from the proximal and distal transcription initiation sites, respectively, suggesting the existence of two separate promoter/initiation sites for this gene.
There are two CAAT-like sequences, 100 and 80 nucleotides upstream from the major (proximal) transcriptional initiation site ( Figure V) . These positions correspond reasonably well with those typically found for CAAT homologies in other genes but neither fits the canonical CAAT sequence perfectly. The putative CAAT motifs of other muscle-specific genes also show divergence from the canonical CAAT homology (19, 23, 28) , and multiple CAAT-like sequences have also been observed in the cardiac troponin T gene (19) , and cardiac a-actin gene (29) . It remains to be determined whether these two CAAT-like motifs in the sTnl gene serve either or both putative transcriptional initiation sites. Comparison of Troponin I Sequence to Other Muscle-Specific Genes A comparison of the promoter regions of the skeletal alpha actin genes of chick and rat has revealed conserved sequences which might be involved in the tissue-and stage-specific expression of these genes (10, 11) . It is not yet clear, however, which, if any, of those conserved sequence motifs might be general elements involved in the expression of other muscle-specific genes, because only partial homology with these sequence elements has been found in other muscle-specific genes (29, and C. Emerson, personal communication).
Several homologies were noted between putative regulatory regions of the sTnl gene and similar regions of the cardiac troponin T (cTnT) gene (19, 36) . First, the TATA motif of the putative distal sTnl promoter (TTAAA; underscored in Figure <t) matches the TATA motif of the cTnT gene. Second, 11 of the 15 nucleotides immediately downstream of the proximal sTnl TATA motif (overscored in Figure <» ) match the same region of the cTnT promoter. Finally, the sTnl poly(A) addition signal is imbedded within a longer sequence, 5'-TGTAAATAAAG-3', which matches perfectly the poly(A) addition sequence of the cTnT gene.
We have also found a consensus heptanucleotide sequence (5'-CATTCCT-3') in the 5' flanking regions of a number of different contractile protein genes from several species ( Table I ). The position of this consensus sequence was found to be somewhat variable (60-261 nucleotides upstream from the transcription initiation site), but in the majority of cases resided less than 120 nucleotides upstream from the transcription initiation sites of the genes. The CATTCCT consensus may, in fact, serve as the CAAT motif in several of the genes noted.
Although this consensus sequence is short, and imperfectly conserved in the various genes; short, imperfectly conserved sequence motifs have been implicated as being the active sequence components of viral and cellular promoter elements (37, 38, 39) . It is possible, therefore, that a short consensus sequence element, such as we describe here, is important in the regulated expression of contractile protein genes indicated in Table I . This sequence cannot, however, be considered to be absolutely limited to muscle-specific genes because the 5' flanking regions of two cytoskeletal actin genes were also found to possess a variation on the consensus sequence far upstream of their transcription initiation sites. Since the cytoskeletal and contractile actin genes are both related and strongly conserved at the nucleotide sequence level, it is possible that conservation of this sequence motif reflects that conservation.
Cell culture systems which permit transfer of cloned genes into skeletal and cardiac myocytes in primary culture should allow functional analysis of such potential regulatory sequences (40) . In addition, the ability of cultured cardiac myocytes to downregulate activity of the sTnl gene in response to extrinsic signals (15) may offer an experimental system for analyzing the cis elements involved in modulation of sTnl gene expression.
